Bone responds to the stresses placed on it by remodeling its structure, which includes shape, trabecular distribution and density distribution. We studied 49 pairs of cadaveric human 1st metatarsal bones in an attempt to establish the pattern of density distribution and to correlate it with the biomechanical function of the bone. We found that the head is denser than the base, the dorsal portion of the whole metatarsal is denser than the plantar portion and the lateral portion of the whole metatarsal is denser than the medial aspect. The same pattern of density with respect to dorsal vs plantar and lateral vs medial was also seen in the head when it was examined alone. When we compared the 4 portions of the head with the same portion of the metatarsal as a whole we found that only the medial portion of the head was less dense than its respective portion of the whole metatarsal. All of these patterns of density distribution are consistent with respect to age, sex and laterality. We have also hypothesised as to the relationship between density distribution seen both in the whole metatarsal and in the metatarsal head and their biomechanical function in the gait cycle.

Bone tissue in the appendicular skeleton forms by endochondral ossification and actively models and remodels during development and throughout life to efficiently resist the repeated mechanical loads to which it is exposed (Carter, 1987) . The importance of the mechanical loading history in skeletal biology has been well documented (Wolff, 1892 ; Roux, 1895 ; Thompson, 1942 ; Pauwels, 1980 ; Carter et al. 1991) . During weight bearing and muscle action, bones are deformed to a variable extent. The deformation followed by relaxation results in both pressure and tension changes within the bone which stimulate bone formation and remodeling (Scott, 1957 ; Carter et al. 1991) which include changes in bone density. Thus the morphology of a bone is related to its mechanical loading history and, thus, density (Scott, 1957 ; Thompson, 1961 ; Burr, 1980 ; Hvid et al. 1985 ; Vogel et al. 1988 ; Martin, 1991 ; Melton et al. 1993 ; Zysset et al. 1994 ; Eckstein et al. 1995) .
Measurement of bone density has been an important tool in the assessment of bone strength in both clinical and research settings. A well established method of assessing areal bone mineral density Correspondence to Dr Carol Muehleman, Scholl College of Podiatric Medicine, 1001 North Dearborn, Chicago, IL. 60610, USA.
(BMD) has been through the use of dual energy -ray absorptiometry (DEXA) (Dalen et al. 1976 ; Hvid et al. 1985 ; Alho et al. 1988 ; Satoris & Resnick, 1988 ; Granhed et al. 1989 ; Orwell et al. 1991 ; Mazess et al. 1992 ; Overton & Wheeler, 1992 ; Genant et al. 1996) . The determination of BMD allows the prediction of fracture incidence as has been shown in the calcaneus (Cheng et al. 1997 ), vertebrae (Melton et al. 1993 Ross et al. 1993 ) and the hip (Cummings et al. 1993 ; Melton et al. 1993 ). Further, inactivity or a reduction in mechanical loading of bone has been shown to be associated with reduced BMD (Vogel & Anderson, 1972 ; Dalen & Olsson, 1974 ; McCulloch et al. 1990) . Camacho et al. (1996) related the densitometric profile across the human calcaneus to the previously described distribution of trabecular bone strength within that bone (Jensen et al. 1991) . By looking at both lateral and dorsoplantar projections they found that regions of highest BMD correlated with regions of greatest trabecular bone strength.
In the present study, we chose to analyse the densitometric pattern of the human 1st metatarsal bone. The 1st metatarsal was chosen because of its important biomechanical function within the foot, being a major weight bearing structure. Further, because it is a long bone, it has a different architecture than the calcaneus. The 1st metatarsal has base, shaft and head regions, each of which is surrounded by a shell of cortical bone of varying thickness along its distribution. Trabecular bone is located primarily within its head and base, the trabeculae dwindling within the shaft. With this study we establish the nonhomogeneity of BMD of the 1st metatarsal as a foundation for future comparisons of 1st metatarsal morphometry to its strength, loading history and dynamics during gait.
  

Cadaver specimens
Forty-nine matched pairs of cadaveric 1st metatarsals from 21 men and 28 women ranging in age from 44 to 94 y (mean 73.6 y for men, 77.8 y for women) were selected from a larger sample of cadavers available for dissection in a medical gross anatomy laboratory. The cadavers had been preserved with alcohol\glycerin\ formalin for a few months before this study. After removal from the cadavers, the 1st metatarsals were stored for 2 wk prior to testing in a 1 % phenoxyethanol in water solution to retain moisture. This solution is not known to have any effect on bone densitometry through the leaching of calcium salts. Medical histories and causes of death were available on the cadavers and they were screened and eliminated if they had a premortem history of prolonged immobilisation, or endocrine and metabolic disorders and other conditions affecting bone, as well as any evidence of prior surgery. All soft tissue, except cartilage, was carefully removed from the metatarsals.
Dual X-ray absorptiometry
Measurements of the areal bone mineral density (BMD) in g\cm# were made with a dual -ray absorptiometer (model DPX-L, Lunar Radiation, Madison, WI) in both the lateral to medial and dorsal to plantar projections. Before scanning, each metatarsal was placed on plexiglass sheeting of 5.0 cm thickness in order to mimic the effect of soft tissue.
Analysis of DEXA scans
Scans were then analysed for areal BMD of the whole metatarsal, the dorsal and plantar portion of the metatarsal, the medial and lateral portion of the metatarsal, the head and shaft and base region, the medial and lateral portion of the head, and the dorsal and plantar portion of the head. In determining the medial versus lateral portions (Fig. 1 a) and dorsal versus plantar portions (Fig. 1 b) on the DEXA scans, the narrowest portion of the shaft was bisected longitudinally, extending through the head and base regions. The medial versus lateral and the dorsal versus plantar portions of the head were determined by using the previously established bisecting lines for dorsal\plantar and medial\lateral portions of the whole metatarsal and then drawing a dorsal to plantar bisecting line proximal to the plantar extension of the articular of the head at the surgical neck (Fig. 1) . The head, shaft and base regions were determined on lateral to medial scans by drawing a dorsal to plantar bisecting line proximal to the plantar extension of the articular surface of the head at the surgical neck, and a dorsal to plantar bisecting line just proximal to the insertion of the peroneus longus tendon on the base (Fig. 1 b) .
Statistical analysis
The data were analysed by analysis of variance using Microsoft Excel 6.0 for Windows.

Preliminary analysis
Preliminary analysis found that the means of all measurements taken for the male specimens were significantly greater than those of the equivalent measurements for the female specimens (P 0.001). Within sex, the means of all measurements taken from the right foot were not significantly different than the equivalent measurements from the left foot (P l 0.05). Results are summarised in Table 1 . All further analysis is described by sex with right and left foot measurements combined.
Dorsal vs plantar distribution of BMD within the whole metatarsal
A highly significant difference in mean BMD was found between the dorsal and plantar portions of the whole metatarsal in both males and females with the (Table 2) .
Lateral vs medial distribution of BMD within the whole metatarsal
A highly significant difference in mean BMD was found between the lateral and medial portions of the whole metatarsal in both males and females with the lateral portion being denser (P l 002 for males, P l 0.001 for females). For the male specimens the mean difference in BMD was 0.108 g\cm# or an approximately 26 % denser lateral portion. For the female specimens the mean difference in BMD was 0.071 g\cm# or an approximately 24 % denser lateral portion (Table 2) .
Distal to proximal distribution of BMD within the whole metatarsal
No significant difference in mean BMD was found between the head, shaft or base in either sex when comparing all 3 areas simultaneously (P l 0.057 for males, P l 0.074 for females). However, when the head was compared only with the base, the head was significantly denser than the base in both sexes (P l 0.019 for males, P l 0.032 for females. There was no significant difference in BMD between the head and shaft or between the shaft and base in either sex (P l 0.05). Out of 42 male metatarsals, 2 specimens (5 %) had a base with a BMD greater than both the head and the shaft and these were from 2 different individuals. Out of 56 female metatarsals, 8 specimens (14 %) had bases with a BMD greater than both the head and the shaft ; only 4 of the 14 were right and left pairs. The difference in BMD between base and head was significant but of smaller magnitude compared with the differences seen between dorsal and plantar and lateral and medial. For the male specimens the mean difference in BMD between head and base was 0.066 g\cm# or an approximately 16 % denser head portion. For the female specimens the mean difference in BMD was 0.049 g\cm# or an approximately 17 % denser head portion (Table 2) .
Dorsal vs plantar distribution of BMD within the head
A significant difference in mean BMD was found between the dorsal and plantar portions of the head in both males and females with the dorsal portion being denser (P l 0.02 for males, P l 0.01 for females). For the male specimens the mean difference in BMD was 0.074 g\cm# or an approximately 17 % denser dorsal portion. For the female specimens the mean difference in BMD was 0.064 g\cm# or an approximately 21 % denser dorsal portion (Table 2) .
Lateral vs medial distribution of BMD within the head
A highly significant difference in mean BMD was found between the lateral and medial portions of the head in both males and females with the lateral portion being denser (P 0.001 for males, P l 0.002 for females). For the male specimens the mean difference in BMD was 0.120 g\cm# or an approximately 34 % denser lateral portion. For the female specimens the mean difference in BMD was 0.075 g\cm# or an approximately 30 % denser lateral portion ( Table 2) .
Portions of head vs equivalent portions of whole metatarsal
No significant difference in mean BMD was found between the dorsal, plantar or lateral portions of the head and the equivalent portions (e.g. medial, lateral, plantar, dorsal) of the whole metatarsal in either sex (P l 0.05). However in both sexes a significant difference in BMD was found between the medial portion of the head and the medial portion of the whole metatarsal with the medial portion of the whole metatarsal being denser (P l 0.02 for males, P l 0.03 for females). For the male specimens the mean difference in BMD was 0.063 g\cm# and for the females it was 0.045 g\cm#. For both sexes this represents an approximately 18 % difference in BMD between the medial portion of the whole metatarsal and the medial portion of the head. The decrease in the BMD of the head with respect to the medial aspect of the whole metatarsal was thus contributing significantly to the large difference in BMD between the lateral and medial aspects of the whole metatarsal (Table 2) .

This study examines the regional distribution of BMD in the 1st metatarsal in an effort to establish a densitometric morphometry pattern that may, in future studies, be used in the determination of regions subjected to the greatest stresses during the normal gait cycle. Wolff's law states that the maintenance of bony architecture is a dynamic process that responds to mechanical stress (Wolff, 1892). Mechanical stress plays a major role in the regulation of skeletal development which results in a system modified for the function it performs (Carter et al. 1991) . The reaction of bone to applied loads creates a distribution of bone tissue that correlates with the stresses and strains it must withstand. It has previously been shown that the sites of maximum density in the femur correspond to those areas that exhibit the greatest compressive and tensile strength (Burr, 1980 ; Fischer et al. 1997) . In the present study, we have found that the head of the 1st metatarsal, located in the forefoot, is denser than the base, which is located in the midfoot. This is readily explained by examining the previously reported pressure distribution patterns on the plantar foot. Arcan & Brull (1976) found that in 4 out of 5 subjects, 45 to 65 % of body weight was under the heel, 30 to 47 % was under the forefoot and the remainder was under the midfoot. Cavanagh et al. (1987) have shown that, in barefoot standing, the highest peak pressure is located under the heel with the next highest pressure under the forefoot, generally under the 2nd or lesser metatarsal heads. In a study on peak pressures during walking, Perry et al. (1995) found that the highest pressure was under the 2nd metatarsal head, located in the forefoot. Though the lateral midfoot had slightly higher pressure than the medial midfoot, these pressures were significantly lower than those found under the metatarsal heads, including that of the 1st. Other studies (Stott et al. 1973 ; Cavanagh & Michiyoshi, 1980 ; Bennett & Duplock, 1993 ; Rozema et al. 1996) concur that during walking and other normal everyday activities, maximum loads are distributed under the heel initially and later, as weight is transferred forwards, across the forefoot. The load at the normal midfoot is low. At the time of propulsion during walking, vertical force peaks under the ball of one foot and it is at this time that the metatarsal is maximally loaded. Hence, in comparison with the base of the metatarsal, the head is subjected to far greater peak pressure.
Our results are based on an essentially elderly sample. Although there are undoubtedly osteoporotic specimens within this sample we noted no differences in density patterns between decades, between individual metatarsals or between the most dense and least dense metatarsals. Since this study is concerned with density patterns rather than absolute density values, we do not feel that any osteoporotic specimens in our sample have skewed our reported patterns.
We have also found that the dorsal and lateral portions of the whole metatarsal are denser than the plantar and medial portions and that the dorsal and lateral portions of the head are denser than the plantar and medial portions. Our findings are of interest in a comparison with the dynamics of the 1st metatarsal during the gait cycle. That the dorsal portion of the 1st metatarsal has a greater BMD than the plantar portion is not surprising in light of the fact that the dorsum is undergoing compressive stress and strain as a result of ground reactive forces.
The 1st metatarsal, along with the 1st cuneiform, form the 1st ray of the foot. The 1st ray has an independent triplanar axis of motion that passes from a medial, proximal and dorsal point to a lateral, distal and plantar point. The axis is slightly angulated to the transverse plane and is angulated 45m from the frontal and sagittal planes which allows motion primarily in the sagittal and frontal planes (Root et al. 1977) . The resultant motion of the 1st ray is that as it dorsiflexes it inverts and as it plantarflexes it everts.
During normal walking, vertical force initially peaks at the end of the loading response phase of the midstance portion of the gait cycle when there is a transition from double limb to single limb support (Elftman, 1939 ; Perry, 1992) . At this time, weight is being distributed from the heel to the ball of the foot. Weight is shifted towards the lateral portion of the 1st metatarsal shaft as it comes to lie in a position closer to the weight-bearing surface than the medial portion of the shaft due to pronation of the foot at this time (Fig. 2) . This correlates to our finding of a denser lateral portion of the 1st metatarsal than medial portion, a reflection of its loading pattern.
During the late portion of the stance phase of gait, weight is transferred from the lateral to the medial side of the foot as the foot undergoes propulsion (Fig.  3) (Perry, 1992) . Vertical force then peaks a second time midway through propulsion, at which point the 1st metatarsal is maximally loaded as it plantar flexes and everts and all weight is supported on the ball of one foot. During this phase, the hallux becomes laterally deviated in its articulation with the 1st metatarsal, thereby placing greater compressive force against the lateral portion of the head of the metatarsal (Figs 4, 5 ). This correlates with our data showing a denser lateral portion of the head of the metatarsal than medial portion, a reflection of its loading pattern.
There were also some interesting observations in the comparison of portions of the metatarsal head with the corresponding portions of the whole metatarsal. The medial portion of the head was significantly less dense than the medial portion of the whole metatarsal, but there was no statistical difference between the dorsal, plantar or lateral portions of the head and the corresponding portions of the whole metatarsal. However, though not statistically significant, there was a trend for the plantar portion of the head to be less dense than the plantar portion of the whole metatarsal and the lateral portion of the head to be denser than the lateral portion of the whole metatarsal. The percentage differences of 15 % and 13 % respectively are very close to the significant 18 % difference seen in the medial portion of the head versus the medial portion of the whole metatarsal. Perhaps the level of significance of these data may have been affected by our sample size. It would be of interest in a future in-depth study to compare our density distribution with the pattern of weight transference through the various regions of metatarsal from base to shaft to head.
We also found the BMD of metatarsals from men was significantly greater than that of the metatarsals from women. This is consistent with the sex differences found in previous studies involving the bones from older populations where these differences are more pronounced.
In summary, in the present study we have established a bone density pattern for the 1st metatarsal which is useful for the future study of strength in various regions of this bone as well as for the study of the dynamics of this bone of pinnacle importance within the gait cycle. 
